Since the advent of plate tectonics, magmatism has been understood as related mainly to spreading centers and subduction systems (Martin and Piwinskii, 1972) , supplemented by hotspot activity (Morgan, 1972) . Cordilleran magmatism is viewed principally as the record of evolving magmatic arcs, controlled by patterns of subduction along the continental margin and overprinted by the effects of extensional tectonism inland (Lipman, 1992) . Regionally anomalous volcanic fields of mid-Tertiary and younger age in coastal California were erupted, however, 200-300 km closer to the adjacent continental margin than the ancestral southern extension of the Cascades magmatic arc along the crest of the Sierra Nevada and eastward (Fig. 46 in Christiansen and Yeats, 1992). Cenozoic volcanism in coastal California evidently stemmed somehow from ridge-trench interaction that provided a distinctive tectonomagmatic setting during the transition from convergent to transform tectonism as the San Andreas system developed along the continental margin (Hurst, 1979 (Hurst, , 1982 Hurst et al., 1982; Basu, 1992, 1995). Dickinson and Snyder (1979a) suggested that California coastal volcanism was nurtured by local extensional tectonism associated with the migration of unstable triple junctions (Ingersoll, 1982; Atwater, 1989) at the ends of the evolving San Andreas transform, and this idea was developed further by both Johnson and O'Neil (1984) and Fox et al. (1985) . Stanley (1987) , however, noted that the oldest phase of California coastal volcanism was a mid-Tertiary episode of magmatism roughly synchronous over a wide region in southern California, and Weigand (1982) noted that a later episode of short-lived mid-Miocene volcanism was similarly widespread. Neither of these two discrete pulses of coastal volcanism in southern California can be related in any simple fashion to the evolution of migratory triple junctions (Fig. 32 in Atwater, 1989) . This paper is a reappraisal of the tectonic setting of California coastal volcanism from mid-Tertiary time to the present. Genetic emphasis is placed on the role of evolving slab windows (Dickinson and Snyder, 1979b; Thorkelson and Taylor, 1989) , or slabless windows (after Liu and Furlong, 1992), which have also been termed slab gaps (Severinghaus and Atwater, 1990) in recognition of the fact that their eastern landward edges, controlled by the thermal state of subducted slabs, were ill defined. A speculative argument is also advanced to relate the mid-Miocene pulse of Columbia River basalt volcanism in the Pacific Northwest to a critical stage in the evolution of the San Andreas transform in coastal California. Figure 1 displays the present geographic distribution of coastal California volcanic fields that have been isotopically dated. Although minor undated occurrences are omitted from the map, those depicted include the largest fields known and are fully representative of the overall geographic distribution. Tables 1-3 are summaries of published isotopic ages for the three age groupings depicted (all older K-Ar ages recalculated to values compatible with modern decay constants after Dalrymple, 1979) : (1) mid-Tertiary (late Oligocene to early Miocene) suite (Table 1) , having a mean age of 24-23 Ma (n = 16 local volcanic fields, or field segments offset by faults) and an age range of 27-22 Ma; (2) mid-Miocene (late early Miocene to early middle Miocene) suite (Table 2) , having a mean age of 16 Ma (n = 11 local fields) and an age range of 18-14 Ma; and (3) migratory post-mid-936
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COASTAL CALIFORNIA VOLCANISM

RECONSTRUCTED COASTAL PALEOGEOGRAPHY
The post-mid-Miocene volcanic fields all lie east of the San Andreas fault, within the North American plate, and were erupted in approximately their present positions with respect to the continental margin (although recovery of their initial positions requires adjustments in position to correct for subsequent strike slip on splay faults of the San Andreas system). The mid-Tertiary and mid-Miocene suites have both been disrupted, however, by major strike slip accompanied by tectonic rotations within the San Andreas system of distributive transform deformation (Dickinson, 1996) . Present distributions of representatives of the two older suites are grossly different from erupted distributions. Analysis of initial tectonic settings can proceed only after restoring the California coastal region to its configuration at approximately 15 Ma, prior to recorded San Andreas offsets (Dickinson, 1996) . Figure 2 shows the observed pattern of sea-floor magnetic anomalies offshore from coastal California, and serves as a template for the reconstruction of oceanic tectonic elements during evolution of the San Andreas transform. positions of offshore rise crests and associated transforms and fracture zones. Offshore features are shown as inferred for 28.5 and 15 Ma, times that bracket the ages of the mid-Tertiary and mid-Miocene volcanic suites.
Plate Configurations
The ancestral East Pacific Rise is assumed here to have first intersected the paleotrench along the continental margin, to bring the Pacific and North American plates into contact for the first time, at chron 10 time (approximately 28.5 Ma). Initial rise-trench encounter was at the eastern end of the Pioneer Fracture Zone (Atwater, 1989) . Sea-floor spreading continued along the rise crest immediately to the north, between the Pioneer and Mendocino fracture zones, until near chron 7 time (25.3 Ma), when the Pacific sea floor at the eastern end of the Mendocino Fracture Zone reached the continental margin to initiate the Mendocino triple junction. Subduction of the Vancouver plate, which had been derived from the parent Farallon plate at 55-50 Ma (Stock and Molnar, 1988; Stock and Lee, 1994) , then ceased south of the Mendocino Fracture Zone but persisted farther north.
Recent analysis of offshore magnetic anomaly patterns has shown that two local microplates (Lonsdale, 1991) were calved from the subducting Farallon plate, forming the eastern flank of the Pacific-Farallon rise crest south of the Pioneer Fracture Zone, at about the time (about 28.5 Ma) of initial Pacific-North American contact (Atwater, 1989; Atwater and Severinghaus, 1989; Fernandez and Hey, 1991) : (1) the Monterey microplate, which continued to subduct until shortly after chron 6 time at about 19.5 Ma, when its unsubducted remnant was captured by the Pacific plate; and (2) the Arguello microplate, which continued to subduct until its final demise shortly after chron 5D time at about 17.5 Ma (Nicholson et al., 1994) . The two microplates were subducting side by side at the paleotrench until near (Hausback, 1984; Sawlan and Smith, 1984; Sawlan, 1991) , led to initiation of strike slip along the offshore San Benito-Tosco-Abreojos strand of the San Andreas transform system Normark, 1979, 1989) , and initiated postsubduction magmatism in Baja California (Rogers et al., 1985; Saunders et al., 1987) . For Figure 3 , the latitudinal placement of offshore tectonic features is controlled by calculated past positions of the Mendocino triple junction (Dickinson, 1996) , where the Mendocino Fracture Zone meets the continental margin at the toe of the continental slope, and the Mendocino Fracture Zone is assumed to have maintained parallelism with lines of latitude throughout the interval 28.5-15 Ma. Longitudinal positions of the Mendocino triple junction are plotted consistently at the continental margin from the assumption that intracontinental extension allowed westward movement of the continental margin to track through time the westward retreat of the Mendocino triple junction and the lengthening transform plate boundary south of it (Ingersoll, 1982; Fig. 6 in Severinghaus and Atwater, 1990) .
Palinspastic Restorations
The restoration of on-land deformation for Figure 3 involved the following main operations (Dickinson, 1996) : (1) closure of the mouth of the Gulf of California by sliding Baja California and the linked Peninsular Ranges in the southwest corner of California to the southeast by 295 km parallel to intra-Gulf transform fault segments, 12.5 km of this net slip being shunted westward along the Whittier-Elsinore fault zone; (2) recovery of net transrotational shear (parallel to the San Andreas trend) of 57.5 km generated by tectonic rotation of the eastern Transverse Ranges (structural panels bounded by rotated Pinto Mountain, Blue Cut, and Chiriaco sinistral strike-slip faults of Fig. 1) , and of 45 km by tectonic rotation of the Tehachapi Mountains (the bent southern tail of the Sierra Nevada); (3) back rotation of structural panels in the western Transverse Ranges (delimited by the rotated Big Pine, Lompoc-Santa Ynez, and Santa Monica-Raymond east-west-trending sinistral strike-slip faults of Fig. 1 ) to an initial orientation of N15E, with commensurate dextral strike slip on northwest-southeast-trending faults of the southern Coast Ranges and the California continental borderland (including 45 km on the Reliz-Huasna trend and 110 km on the Hosgri fault summing to 155 km on the San Gregorio fault); (4) restoration of dextral strike slip amounting to 60 km on the San Gabriel fault strand of the San Andreas fault system and to 165 km on the subparallel Mojave segment of the San Andreas fault proper (summing to 225 km of irrotational San Andreas strike slip transecting the Transverse Ranges, with comparable joint slip of 200 km along the San Andreas fault and 25 km along the subparallel San Jacinto fault near the latitude of the Salton Sea); (5) restoration of added rotation-induced slip northward to bring the net restored slip on the San Andreas fault in central California to 315 km, and in northern California to 470 km (315 km of central San Andreas slip plus 155 km of additive San Gregorio slip); and (6) restoration of 64 km of sinistral strike slip on the Garlock fault (to avoid the otherwise awkward spatial mismatch of block edges offset across the presently curvilinear trace of the San Andreas fault along its course through the east-west trend of the Transverse Ranges). Tectonic rotation (about 44°) of the Tehachapi Mountains occurred 22-18 Ma, during the time interval depicted by Figure 3 , but tectonic rotation (about 44°) of the eastern Transverse Ranges was post-10 Ma, and perhaps post-7.5 Ma if rotation occurred at the same rate (approximately 5.8°/m.y.; Luyendyk, 1990 Luyendyk, , 1991 as in the western Transverse Ranges since approximately 14.5 Ma (Dickinson, 1996) .
Reconstruction Tests
Estimated uncertainties in the plotted positions of offshore tectonic features are on the order of 100 km (Stock and Molnar, 1988) , and comparable uncertainties attach to restorations of on-land geologic features. Consequently, the reconstruction of Figure 3 must be taken as just an Dokka and Travis (1990a, 1990b) after Dickinson (1996) . *Number of radiometric dates judged reliable. † Distance from Mendocino triple junction as measured parallel to San Andreas fault. § Range of best estimates for N ages or uncertainty (±) range for individual age. # Corrected to recover 15-20 km of dextral strike slip on Calaveras fault zone (Graham et al., 1984) . **Corrected to recover 100 km of dextral strike slip on Calaveras fault zone (McLaughlin et al., 1996) . † † Corrected to recover 35 ± 10 km of dextral strike slip on Hayward-Calaveras fault zones (Graham et al., 1984) .
§ § Corrected to recover 160 km of dextral strike slip on Hayward-Calaveras fault zones (McLaughlin et al., 1996) .
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approximation, but is closely indicative of the relationship between offshore and on-land mid-Tertiary to mid-Miocene paleogeography. The exact location of strike slip offshore is particularly uncertain, although the Santa Lucia Bank fault is one attractive locus of longshore tectonic displacement (McCrory et al., 1995) .
General confidence in the reconstruction can be derived from the observation that the position of the Pioneer Fracture Zone bears the same geometric relationship to Point Reyes in the reconstruction for 15 Ma as at present. This result is expected because the main slip strands of the San Andreas transform system shifted into the continental block during the interval 17.5-12.5 Ma, and the positions of oceanic fracture zones relative to Point Reyes have been frozen into the Pacific plate since about 15 Ma (Dickinson, 1996) .
The restoration of Figure 3 also places the following disrupted segments of once contiguous volcanic fields adjacent to one another (symbols from Table 1 ): (1) Zayante (Za) and Tecuya (Te) formations, approximately 22.5 Ma (Sims, 1993) ; (2) Pinnacles (Pi) and Neenach (Ne) volcanics (Sims, 1993) , and the correlative Lang Canyon (Lc) outcrops in an intervening fault sliver (not shown), approximately 23.5 Ma; and (3) Plush Ranch (Pr) and Vasquez (Va) formations (Bohannon, 1975) , approximately 24.5 Ma. The Zayante-Tecuya (Za-Te) and Pinnacles-Lang Canyon-Neenach (Pi-Lc-Ne) exposures were offset across the San Andreas fault, whereas the Plush Ranch-Vasquez (Pr-Va) exposures were offset across the San Gabriel fault. Figure 4 illustrates the complex sequence of movements of shifting fault traces and fault slivers required along the central California segment of the San Andreas fault zone to explain the distribution of fragments of the midTertiary Zayante-Tecuya (Za-Te) and Pinnacles-Lang Canyon-Neenach (Pi-Lc-Ne) volcanic fields and the spatially associated Logan Quarry-Gold Hill-Eagle Peak (LQ-GH-EP) quartz gabbro mass of Jurassic age. Figure 3 indicates that the now widely dispersed exposures ( Fig. 1 ) of both the mid-Tertiary and the mid-Miocene volcanic suites were initially much closer together within a relatively compact region of southern California (as restored palinspastically). Eruptions occurred within the general confines of a slab-free region underlain at depth by a slab window. In this context, "slab window" refers to the space in the mantle where subducted slab is absent adjacent to a transform plate boundary generated by risetrench encounter, and "slab-free region" refers to the span of the area at the surface above a slab window at depth. Slab windows have also been termed "slabless windows" and slab-free regions have also been termed "no-slab regions." The parallel terms are equivalent in all respects.
SLAB WINDOW MANTLE UPWELLING
The plotted extent of the slab-free region ( Fig. 3 ) relies upon the assumption that subducted slabs continued to subduct beneath North America at rates comparable to the motions of the surface plates of lithosphere to which they presumably remained attached during subduction. Because of potential thermal attenuation of the young trailing edges of subducted slabs (Severinghaus and Atwater, 1990) , the eastern edges of the slab window should be envisioned as a fuzzy boundary (Dickinson and Snyder, 1979b) , but the northern edges delineated by inland projections of the Mendocino and Pioneer fracture zones were logically better defined boundaries less influenced by thermal attenuation. The extent of the slab window depicted is based on the nominal assumption of subhorizontal subduction, and was doubtless foreshortened somewhat in an east-west direction because of finite slab dip (Dickinson and Snyder, 1979b) .
However, the slab window may have had no effective eastern edge owing to thermal attenuation of the trailing edge of the subducted slab, in which case the slab window can be envisioned as continuing indefinitely inland as a "slab gap" separating segments of subducted slab lying to the north and south beneath the continental margin (Severinghaus and Atwater, 1990) . The slab-free region of Figure 3 denotes the area beneath which horizontally subducted slab could not have been present from strictly kinematic considerations based on relative plate motions, but does not allow for any inferred thermal attenuation of the subducted slab.
Keeping the various caveats discussed in mind, the palinspastic relationships of Figure 3 suggest a genetic relationship between the development of a slab window (or gap) beneath southern California and the pulses of mid-Tertiary and mid-Miocene volcanism (Cole and Basu, 1995) . Because the northern edge of the slab window migrated northward later in Cenozoic time, a genetic tie between the evolving slab window and migratory post-mid-Miocene volcanism in central California can also be inferred (Fox et al., 1985) . The question of whether the slab window is better described as a slab gap does not affect interpretations for volcanic fields of coastal California erupted near the transform plate boundary, but may well influence interpretations for coeval inland volcanic fields. Widely distributed Miocene volcanic fields in nearby southeastern California and southwestern Arizona (Fig. 3 ) were erupted either above the inferred slab window or just east of it, above a potential slab gap. Interpretations for this more-inland magmatism are beyond the scope of this paper because (1) the resulting volcanic belt spatially formed a connecting link between arc volcanism to the north and south ( Fig. 10D in Dickinson, 1991) , (2) possible genetic relationships between California coastal volcanism and the more inland volcanism are consequently uncertain, (3) volcanism in Arizona apparently remained intense throughout the interval 23-14 Ma without separate mid-Tertiary and mid-Miocene eruptive pulses characteristic of coastal California volcanism ( Fig. 2 in Spencer et al., 1995) , and (4) volcanism in the central Mojave Desert during the interval 23-18 Ma evidently spanned the hiatus (22-18 Ma) in coastal California volcanism (Dokka, 1989; Valentine et al., 1993) .
Slab Window Magmatism
Before the successive configurations of the evolving slab window through time are discussed in detail, suggested ways are reviewed by which development of slab windows can promote magmatism within slab-free regions, and evidence compatible with that mode of petrogenesis for coastal California volcanism. As a slab window forms in the wake of the trailing edge of a descending slab of lithosphere, asthenospheric mantle wells up to- ward the surface to fill the space vacated by the descending slab (Thorkelson and Taylor, 1989; Thorkelson, 1994) . Decompression melting of rising mantle may then promote magmatism that would not otherwise occur (Hole et al., 1991; Liu and Furlong, 1992) , and such magmatism can feed volcanism that is perforce confined to the slab-free region above the slab window. Supersolidus conditions are anticipated for the upwelling mantle because the adiabatic gradient is significantly less than the solidus gradient (Furlong, 1984) . Because upwelling of asthenosphere into a slab window is a discrete or transient event, unlike the continuous upwelling that occurs beneath spreading centers and opening rifts, associated magmatism should occur in discrete pulses or migratory episodes. The pattern of California coastal volcanism during Cenozoic time exhibits this expected range of behavior in time and space. Pulsing of volcanism resulted from the creation of successive superimposed slab windows, and a migratory wave of volcanism resulted from expansion of the combined slab window (as discussed in detail in succeeding sections). The current elevated heat flow along the coastal fringe of California can be attributed readily to ancillary thermal effects associated with the rise of asthenosphere into the slab window south of the Mendocino triple junction (Zandt and Furlong, 1982) .
Early interpretations of the mid-Tertiary volcanism tended to attribute its outbreak to migration of arc volcanism toward the paleotrench as younger and hotter lithosphere was subducted (Pilger and Henyey, 1979) , and the later outburst of mid-Miocene volcanism was also viewed initially as being linked directly to subduction (Higgins, 1976; Weigand, 1982) . From more recent pet- 
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rogenetic analyses, based on detailed evaluation of petrochemistry, we can infer direct relationships of both these volcanic episodes and the younger migratory coastal volcanism to development of a slab window (Johnson and O'Neil, 1984; Fox et al., 1985; Weigand and Thomas, 1989; Basu, 1992, 1995; Weigand and Savage, 1993; McCrory et al., 1995) . Basaltic magmas were derived largely from depleted upper mantle similar to midocean ridge basalt (MORB) sources, perhaps augmented in part by contributions from the subcontinental lithosphere, and the more evolved magmas were contaminated to varying degrees by crustal assimilation Sharma et al., 1991; Basu, 1992, 1995) . Involvement of crustal materials presumably stemmed from the advective transfer of heat upward into the coastal crust by rising or ponded mafic magmas (Fox et al., 1985; Liu and Furlong, 1992) . Negative europium anomalies in the more silicic (daciterhyolite) members of the assemblage reflect a significant role for fractionation also during magmatic evolution (Johnson and O'Neil, 1984; Fox et al., 1985; Weigand and Thomas, 1989; Cole and Basu, 1995) .
These interpretations are supported by abundant strontium and more limited neodymium isotopic data. Epsilon neodymium values (n = 57) range downward from +9 to +2 for basalts, and from +6 to -3 for dacites and rhyolites, with intermediate values of +6 to +3 for andesites and basaltic andesites (Sharma et al., 1991; Basu, 1992, 1995) . Both fractionation and crustal contamination of mantle melts are implied. Initial 87 Sr/ 86 Sr ratios (n = 200) that average 0.7040 or below for basalts and basaltic andesites reflect mantle derivation with little modification by crustal influences, but andesites in most areas, and most dacites and rhyolites, have distinctly higher average 87 Sr/ 86 Sr ratios near 0.7050, reflecting significant crustal contamination (Table 4) . Voluminous mid-Miocene andesites, however, have low ratios comparable to those of the basalts, and mid-Miocene rhyolites locally show evidence of even more extensive crustal involvement in magmatic evolution. Even so, selected silicic rocks of all ages display strontium ratios and epsilon neodymium values as low as some coeval basalts, and suggest that fractionation alone may have given rise to some of the silicic melts.
MID-TERTIARY PULSE OF VOLCANISM
The mid-Tertiary pulse (27-22 Ma) of latest Oligocene and early Miocene volcanism was triggered by multiple rise-crest interactions with the continental margin (Lonsdale, 1991) . Figure 5 (A-C) depicts the inferred sequential configurations of a growing slab-free region and incipient transform plate boundary during the interval 25-20 Ma. The diagrams were constructed with the assumption that subducted lithosphere connected to the north and south with sea-floor lithosphere of the large Pacific and Farallon-Cocos-Guadalupe plates, respectively, continued to subduct beneath the continental margin at the rates those large plates were moving with respect to the continent. Subducted lithosphere of the local Monterey and Arguello microplates is assumed to have moved more slowly, at rates constrained by their relative motions with respect to the Pacific plate, into the coastal fringe of the slab window formed by movement of the larger plates. The irregular shape of the southern edge of the inferred slab window (Fig. 5, A-C) reflects the complexity of this microplate interaction along the continental margin.
Only one of the mid-Tertiary volcanic fields (Mi: Mindego Volcanics) plots outside the slab window inferred for 19.6 Ma (Fig. 5C) , and the northern edge of the slab window probably lies within the range of uncertainty for its restored position. Given the various other uncertainties inherent in the reconstructions of Figure 5 , the configuration of the reconstructed array of mid-Tertiary volcanic centers seems fully compatible with the hypothesis of magma genesis in response to mantle upwelling within a slab window. Although there is no systematic correlation in detail between the reported ages of the mid-Tertiary volcanic fields and their plotted positions with respect to the successive limits of the growing slab-free region (Fig. 5 , A-C), this discrepancy can be attributed to some combination of three factors: (1) uncertainties in the plotted positions of the volcanic fields as restored palinspastically, (2) inaccuracies in the inferred boundaries of the slab window, and (3) lack of adequate precision in the available isotopic ages (Table 1) . A recent independent analysis of mid-Tertiary plate vectors offshore, coupled with inferred intracontinental deformation, also concluded that the midTertiary pulse of coastal volcanism occurred above a "slabless window" (McCrory et al., 1995) . As noted in Figure 5C , 27-22 Ma volcanism in southeasternmost California also occurred within or near the edge of the slab-free region.
The mid-Tertiary volcanic centers of southern California clearly were not closely related to the successive locations of triple junctions at the ends of the incipient transform plate boundary nearby (Fig. 5, A-C) . Widespread extensional tectonism that accompanied the mid-Tertiary pulse of volcanism (Cole and Stanley, 1995) may conceivably have been related to evolving plate configurations (Ingersoll, 1982; Atwater, 1989; McCrory et al., 1995) . Local faulting was part of a regional pattern of mid-Tertiary extensional tectonics that extended far to the east within the continental block (Tennyson, 1989; Dokka and Ross, 1995) . Oligocene dispersal systems that had tapped distant intracontinental sources of sediment were disrupted by this widespread episode of deformation, which led to the replacement of the distant provenance by multiple local sources within southern California (Howard, 1989 (Howard, , 1995 Howard and Lowry, 1995) .
MID-MIOCENE PULSE OF VOLCANISM
The mid-Miocene pulse (18-14 Ma) of coastal volcanism also occurred within the slab-free region of southern California (Fig. 5D ), but the existence of a slab window does not alone provide a rationale for two discrete pulses of volcanism. Transient upwelling of mantle to nurture the midTertiary pulse would not be expected to generate a second pulse after a hiatus of about 5 m.y. An explanation may be provided by the fate inferred here for the subducted portion of the Monterey microplate. As suggested by Figure 5D , foundering of a subterranean segment of the Monterey microplate into deeper mantle, after its surficial remnant had been captured by the Pacific plate at approximately 19 Ma, may have provided a second mantle perturbation and led to renewed upwelling within parts of the slab window. The mid-Miocene pulse of coastal volcanism closely followed the cessation of spreading and subduction of microplates offshore (McCrory et al., 1995) . The most voluminous mid-Miocene eruptions within and surrounding the Los Angeles basin and the California continental borderland south of the present western Transverse Ranges (Weigand and Savage, 1993) lay above the inferred position of the subducted Monterey microplate in mid-Miocene time (Fig. 5D) . The northernmost outlying representative of the midMiocene suite (Fig. 5D ) is a local occurrence (Tm: Tehachapi Mountains volcanics) that may have been, together with coeval volcanic rocks of the northern Mojave Desert that were erupted just outside the inferred slab-free region (Fig. 5D) , a generic precursor of the migratory post-mid-Miocene volcanic fields of central California. Nicholson et al. (1994) postulated instead that the subducted portion, as well as the unsubducted portion, of the Monterey microplate was captured by the Pacific plate, and dragged laterally to the northwest as an intact subcrustal slab. They viewed the motion of this coherent substratum as the cause of the post-mid-Miocene tectonic rotations documented for the western Transverse Ranges. This hypothesis is not favored here for three reasons.
(1) The persistence of an intact subcrustal slab seems unlikely within the area affected by the intense pulse of mid-Miocene volcanism fed by melts that rose to the surface from sources in the asthenosphere. The presence of a coherent slab would be expected to shield the crust from sublithospheric melts (Ormerod et al., 1988) , and the widespread emergence of such melts would tend to break up the continuity of any subterranean slab that had been stranded beneath the crust.
(2) The subducted portion of the Monterey microplate had only penetrated part way beneath the western Transverse Ranges by the time the surface remnant of the Monterey microplate was captured by the Pacific plate (Fig. 5C) , and it seems unlikely that lithosphere along the continental margin had enough torsional strength to allow the entire western Transverse Ranges province to be rotated tectonically as a coherent entity by torque applied beneath its western part only.
(3) The motions of the Monterey and Arguello microplates prior to their respective capture and demise resembled the motion of North America with respect to the Pacific plate (Atwater, 1989) , as if the Monterey microplate had become partly coupled to westernmost North America (Nicholson et al., 1994) , rather than to the Pacific plate. Figure 6 illustrates the general nature of changing plate motions associated with clockwise rotation of the PacificFarallon rise crest to the orientation of the Pacific-Monterey rise crest. There is no suggestion from the behavior of plate boundaries that the Monterey microplate as a whole was progressively attaching itself to the Pacific plate. Plate motion vectors inferred independently by McCrory et al. (1995, their Fig. 11 ) imply even less relative motion between the Monterey microplate and coastal California. Capture of the surface remnant of the Monterey microplate by the Pacific plate can be ascribed to the effect that the bounding Morro Fracture Zone (Fig. 2) , which bounded the Monterey microplate on the south (Fig. 5, B and C) , could have had in locking the plate remnant into the edge of the moving Pacific plate once subduction of the microplate beneath the continental margin had slowed.
A genetic relationship between transtensional rotation of the western Transverse Ranges and the pulse of mid-Miocene volcanism has been suspected (Stanley et al., 1996) , through the potential linkage of crustal extension and local mantle upwelling to decompression melting (Cole and Basu, 1992; Weigand, 1994) . This seems questionable because rocks of the midMiocene volcanic suite exposed in the western Transverse Ranges and the adjacent offshore islands show just as much tectonic rotation as do older Oligocene red beds (Dickinson, 1996) . It would thus appear that the midMiocene pulse of volcanism preceded documented local tectonic rotations, eruptions occurring above the slab window prior to the onset of transrotational tectonism. Full shear coupling between Pacific and North American plates to promote significant transrotation and the shift of transform displacements into the continental block were probably delayed until middle Miocene time, after the final demise of offshore microplates near the end of early Miocene time. Kinematic analysis implies that continued transtensional deformation accompanied tectonic rotation of the western Transverse Ranges for approximately 5 m.y. (to approximately 10 Ma) after eruption of the mid-Miocene volcanic suite without promoting additional volcanism (Dickinson, 1996) .
POST-MID-MIOCENE MIGRATORY VOLCANISM
Migratory post-mid-Miocene volcanism in central California can be viewed as a response to progressive northward expansion of a growing slab window during Neogene time. Migration of volcanic centers is thought to reflect successive transient upwelling of mantle beneath successive increments of the developing slab window (Fox et al., 1985) . The oldest of the migratory central California volcanic fields probably overlap in age with the youngest representatives of the mid-Miocene suite in southern California (Tables 2 and 3) , and the two suites may have been almost contiguous at about 15 Ma as the mid-Miocene pulse of volcanism waned and migratory volcanism of similar petrogenetic character got underway.
Analysis of time-space relationships for the migratory volcanism is complicated by uncertainties in the net slip across the Hayward-Calaveras splay fault system of the San Francisco Bay area (Fig. 1) . Offsets of Tertiary sedimentary units keyed to facies trends and provenance relations suggest only about 35 km of net slip across the system as a whole, displacements apportioned about equally between its two principal strands (Graham et al., 1984) . Recent consideration of apparent offsets of Franciscan rocks across the Calaveras fault, coupled with apparent offsets of Miocene volcanic rocks across the Hayward fault, suggests much greater net slip, 60 km for the Hayward fault and 100 km for the Calaveras fault, or 160 km for the system as a whole (McLaughlin et al., 1996) . An intermediate figure of 70 km for overall net slip was argued by Fox et al. (1985) . Part of the Hayward-Calaveras displacement may be shunted back to the northern San Andreas fault along the Tolay-Bloomfield fault zone north of San Francisco Bay (Fig. 7) .
The largest suggested Hayward-Calaveras slip figures are the most compatible with consistent monotonic northward migration of post-midMiocene volcanic centers (McLaughlin et al., 1996) , hence are more attractive in the context of the present discussion than any other estimates. Figure 7 indicates that the greatest net slip suggested across the HaywardCalaveras fault system is compatible with reconstruction of the northern end (Navarro discontinuity) of the Salinian block of granitic and associated metamorphic rocks west of the San Andreas fault. The sketch map is an important diagram because any greater net slip would cause mismatches of Salinian and Franciscan basement for palinspastic restorations prior to San Andreas offset, but the attractive recent estimates still allow satisfactory Salinian restoration. The option of the largest postulated offsets across the Hayward-Calaveras fault system is not adopted here to the exclusion of other alternatives. The Franciscan rocks (Permanente terrane) that provide the key estimate for Calaveras offset are oceanic seamount basalts capped by platform limestone (Calera). There is no way of knowing for certain how continuous this assemblage ever was, or how many separate similar seamounts may have existed in different places within the oceanic realm where Franciscan rocks formed. The apparent offset, though attractive, could be spurious. Until further analysis of offset Tertiary sedimentary assemblages confirms the high slip estimates, they cannot be regarded as conclusive. with alternate assumptions of minimal (a) and maximal (b) offsets across the Hayward-Calaveras splay fault system. The maximal estimates of displacement best fit the hypothesis of linkage to transit of the northern edge of the slab window, but relationships are difficult to discern clearly in map format. Figure 9 transfers the data to a time-distance framework with respect to present and past positions of the Mendocino triple junction. Ideally, no volcanic fields should plot above the time-distance trajectory of the Mendocino triple junction, but all should plot near it. One small occurrence near the juncture between the Hayward and Calaveras faults is clearly anomalous (Ac: Anderson-Coyote basalt of Table 3 , not plotted in Figs. 7 and 8) , and apparently reflects local volcanism of low volume related to minor transtensional tectonism associated with the Hayward and Calaveras fault traces (McLaughlin et al., 1996) . The time-distance correlation of the other volcanic fields with passage of the Mendocino triple junction is somewhat improved by adoption of the highest estimates for net Hayward-Calaveras slip (dashed outlines), but there is a general correlation for all other well-dated (n >1) fields in any case. Given the uncertainties of the various data underlying the plot, the relation between passage of the Mendocino triple junction and the migratory volcanism seems confirmed (Fox et al., 1985) .
The youngest fields (Cl: Clear Lake Volcanics; Sb: Sierra Buttes volcano), one located well inland (Figs. 1 and 8) , fall well below the trajectory of the Mendocino triple junction, as others have noted (Fox et al., 1985) . Despite its more easterly geographic position within the Great Valley (Fig. 1) , Sierra Buttes magmatism seems petrogenetically related to the transform-related Coast Ranges rather than to the subduction-related High Cascades even farther east (Christiansen and Yeats, 1992) . The plot as a whole, regardless of alternate assumptions regarding Hayward-Calaveras slip, implies northward migration of volcanic centers at a significantly slower rate (about 30 km/m.y.) than the Mendocino triple junction (about 50 km/m.y.). The meaning of this increasing time lag between passage of the Mendocino triple junction and the outbreak of slab-window magmatism is unclear, but may relate to some time-dependent change in the progress of thermal evolution in the mantle or crust beneath the continental margin. Bohannon and Parsons (1995) argued that slab windows may not extend all the way to paleotrenches, but that gently inclined fragments of subducted slabs may be underplated beneath the seaward flanks of continental margins, subterranean tears farther inland allowing deeper parts of the subducted slabs to separate from the stranded segments to form slab windows. Because the post-mid-Miocene volcanic centers lie 100-125 km inland from the toe of the continental slope, underplated slabs spanning that width could be present seaward of the slab window, but a greater extent is difficult to reconcile with the seemingly robust hypothesis of migratory slab-window volcanism.
COLUMBIA RIVER BASALT VOLCANISM
The voluminous pulse of Columbia River basalt volcanism in the Pacific Northwest occurred during the same brief 17-14 Ma time span Christiansen and Yeats, 1992) as the mid-Miocene pulse of volcanism in the Transverse Ranges and the California continental borderland. The two events at first glance seem unrelated, and Columbia River basalt volcanism was certainly unrelated to any slab window. A possible tectonic connection can be inferred, however, by hearkening back to the suggestion of Atwater (1970) that the entire intermountain region can be viewed as a wide soft plate boundary that underwent Neogene deformation in a regionally coherent pattern. Figure 10 displays the tectonic geometry of the region between the Pacific Northwest and the Gulf of California.
Although palinspastic restoration of the California continental margin was incorporated into the diagrammatic map, other tectonic elements are plotted in their present positions. This undoubtedly leads to depiction of the mid-Miocene Great Basin as too wide by some measure, but distortions within the Pacific Northwest are not serious. Major Paleogene tectonic rotations within the Pacific Northwest (Heller et al., 1987) were complete by approximately 15 Ma (Gromme et al., 1986) , and subsequent deformation in the interior has been minor on a regional scale. Modest rotation (15°-20°) of Columbia River basalt flows of 15-12 Ma age within 100 km of the modern offshore subduction zone decline to nil or negligible at a distance of 250 km from the plate boundary (England and Wells, 1991) . The deformation near the coast is attributed to the effects of oblique subduction of the Juan de Fuca plate beneath the Pacific Northwest during the past few million years (Reidel et al., 1984) .
Regional Geotectonic Relations
The synchroneity of mid-Miocene (17-14 Ma) pulses of volcanism in coastal California and the interior of the Pacific Northwest seems less coincidental when one considers that extensional tectonism in its modern guise was also initiated within the intervening Great Basin during the interval 18-16 Ma (Noble, 1972; McKee and Noble, 1986) . This extensional tectonic system can be viewed as intracontinental deformation produced by drag on the continental plate as the Pacific plate sheared northwestward past it (McKee and Noble, 1986) . Until recently, it was unclear why this torsional effect was delayed until mid-Miocene time, because the Pacific and North American plates first came into contact during the interval 28-25 Ma. That development of an integrated transform system along the California coast was deferred until the demise of local offshore microplates during the interval 19-17 Ma (Fig. 5) provides a logical rationale for the delay. In effect, the nearshore microplates served temporarily as a buffer zone between the two larger plates, which began to interact directly on a broad scale only after the microplates were no longer in existence. Thereafter, plate-margin coupling along the San Andreas transform system, perhaps augmented by analogous shear imparted to the continental block along the offshore Queen Charlotte transform to the north (Christiansen and McKee, 1978) , could have induced internal deformation of the continental block. Initiation of block faulting along the Rio Grande rift (Fig. 10) during the interval 21-15 Ma (Ingersoll et al., 1990) can perhaps be viewed as an integral part of the overall intracontinental deformation induced by plate shear.
The geometric relationship of the Columbia River and related basalt fields in the Pacific Northwest to the Basin and Range Province of the Great Basin to the south (Fig. 10) is as striking as the observation that the eruptions immediately followed initiation of basin and range extension (Mckee and Noble, 1986) . The Northern Nevada rift (Zoback et al., 1994) , a feature filled by coeval (17-14 Ma) igneous rocks, extends southward as a prong subparallel to the most prominent feeder dike swarms for Columbia River basaltic eruptions (Hooper, 1982 (Hooper, , 1988 Carlson and Hart, 1987; Hart and Carlson, 1987) . This circumstance lends weight to the suggestion that the opening of fissures that fed Columbia River basaltic volcanism was also related to torsional shear of the continental interior owing to plate-boundary interactions along the continental margin . Because the fundamental cause of the spatially and temporally restricted Columbia River basalt magmatism remains unresolved (Hooper, 1988) , reconsideration of options for magma genesis may prove fruitful within a logical framework of regional tectonic linkages.
Columbia River Petrogenesis
Before considering the shortcomings of all extant hypotheses for the Columbia River eruptive event, it is helpful to review petrogenetic interpretations for the lavas. Most workers agree that the magmas tapped multiple mantle reservoirs and underwent multistage fractionation (Hooper and Hawkesworth, 1993; Chamberlain and Lambert, 1994) . Sources probably included depleted mantle similar to oceanic asthenosphere, enriched mantle similar to plume sources for ocean island basalts, enriched subcontinental lithosphere, and mantle contaminated by crustal slabs carried beneath the continent from the subduction zone along the continental margin (Carlson, 1984; Church, 1985; Prestvik and Goles, 1985; Hart and Carlson, 1987; Carlson and Hart, 1988; Goles, 1988, 1995; Nelson, 1989; Hooper and Hawkesworth, 1993) . Although the degree of crustal contamination is debated (Carlson et al., 1981; Hooper, 1984) , 99% of the lavas display low 87 Sr/ 86 Sr ratios in the range 0.7035-0.7055 (Hooper, 1988; Hooper and Hawkesworth, 1993) and epsilon neodymium values of 0 to +8 (DePaolo, 1983) , generally suitable for mantle melts and their fractionated derivatives. The compositional range of the lavas is satisfactorily explained by crystal fractionation of mantle melts, coupled with modest additions of crustal components by contamination during magma ascent .
Despite the heterogeneity of the lavas, the brevity and intensity of the Columbia River eruptive event are remarkable. More than 99% of the estimated 175 000 km 3 of lava on the Columbia River Plateau was erupted within the interval 17.5-14.5 Ma, and 85% of it was erupted 16.5-15.5 Ma . Perhaps 20%-30% as much coeval and petrogenetically similar lava was erupted 16-15 Ma as the Steens Basalt (Fig. 10 ) and related flows in southeastern Oregon (Hart and Carlson, 1985; Carlson and Hart, 1987, 1988) . Because the average age of the oldest lavas may be only 17 Ma (McKee et al., 1981) , the overall provincial eruption rate was on the order of 10 5 km 3 /m.y. for 2.5 m y., and that rate was apparently attained for the Columbia River Plateau alone during the interval 17.2-15.6 Ma (Baksi, 1989) .
Alternate Current Hypotheses
The heterogeneous petrochemistry of the Columbia River lavas provides no unique insight into the tectonic environment that produced the parent magmas. All hypotheses that have been advanced to date encounter severe logical obstacles, as follows.
(1) Back-arc rifting or spreading behind the Cascades magmatic arc Catchings and Mooney, 1988 ) is a difficult concept to sustain because Neogene extension within the region of the eruptions is estimated as less than 1% (Hooper and Conrey, 1989; Hooper, 1990) . The notion of back-arc extension does not readily explain the brevity and intensity of the eruptive event (Hooper, 1988; Smith, 1992) . The argument for backarc spreading is based partly on the inference that basaltic eruptions on the Columbia River and Oregon plateaus coincided with slowing of subduction along the adjacent continental margin, as reflected by rotation of the Juan de Fuca rise crest, to allow back-arc extension . However, magnetic anomalies older than chron 5 (approximately 10 Ma) on the sea floor off the Pacific Northwest are unrotated (Atwater and Severinghaus, 1989; Kent, 1992, 1995) . The timing of the change in plate geometry and kinematics was thus much too late to affect the main pulse of flood basalt eruptions on the Columbia River and Oregon plateaus. Moreover, the magnitude of Neogene extension increases southward within the intermountain region, but the volume of basaltic lavas increases northward (Carlson and Hart, 1987, 1988) , and the most voluminous eruptions occurred within the area of least net extension (Hooper and Hawkesworth, 1993) .
(2) Eruption from a mid-Miocene precursor of the modern Yellowstone plume, which supposedly left its first imprint as accreted basaltic seamounts of the Oregon and Washington Coast Ranges (Duncan, 1982; Fig. 10) , is difficult to reconcile with several anomalous relations. There is no igneous record of a plume for the interval 50-15 Ma along the course of any conceivable plume track starting in the Paleogene seamount province of the Oregon-Washington Coast Ranges and moving beneath the Columbia River feeder system toward the Yellowstone Plateau (Draper, 1991) . Initiation of a plume beneath the Columbia River feeder system in mid-Miocene time appears to conflict with the observation that the well-marked path (presumed hotspot track) of igneous activity along the Snake River Plain toward the Yellowstone Plateau (Pierce and Morgan, 1992;  Fig. 10 ) originated along the Oregon-Nevada border 250-500 km to the south of the Columbia River feeder system at a time (16 Ma) when voluminous Columbia River eruptions were still underway (Carlson and Hart, 1988; Hooper, 1988) . Columbia River basaltic magmatism waned just as silicic volcanism farther south, which was associated with the Yellowstone plume, began to propagate at the mean rate of 45 mm/yr within a belt only about 100 km wide along the Snake River Plain (Smith and Braile, 1993) .
Suggestions that the plume head was deflected temporarily to the Columbia River Plateau by the shear of a subducted slab passing above it (Geist and Richards, 1993) , or by the crustal architecture of the lithosphere encountered by the plume head (Camp, 1995) , do not account for the distinct contrast (Carlson and Hart, 1988) in 87 Sr/ 86 Sr ratios for 17-14 Ma Columbia River basalts (0.7035-0.7055) and 11-0 Ma (Armstrong et al., 1975 ) Snake River Plain basalts (0.706-0.708). Nor does the concept of an independent mantle plume account readily for the simultaneous initiation of Columbia River volcanism and basin and range extension farther south (Christiansen and McKee, 1978) . Retention of a plume hypothesis for Columbia River volcanism seemingly requires the postulate of a short-lived plume, not directly related to either Oregon-Washington seamount or Yellowstone plumes, but linked in both space and time to the inception of basin and range extension.
(3) The dramatic hypothesis (Alt et al., 1988) that Columbia River eruptions were triggered by impact cratering in southeastern Oregon to form a vast subterranean lava lake which leaked magma into Columbia River feeder dikes to the north and into the Northern Nevada rift to the south has claimed few adherents to date. The lack of any derivative ejecta deposits within the surrounding region seems to preclude its acceptance (Lipman, 1992) .
Induced Plume Hypothesis
Given the problems with alternate hypotheses, the concept that mantle perturbation leading to Columbia River volcanism was produced by lithospheric deformation related to torsion of the continental block under shear from Pacific plate interaction along the distant continental margin deserves serious attention. In effect, the demise of microplates along the continental margin just prior to mid-Miocene time may have induced both the midMiocene pulse of coastal California volcanism, by effects within a slab window, and also the firestorm of Columbia River volcanism, including the Steens Basalt and the Northern Nevada rift, by bringing full Pacific shear to bear on the edge of the continental block for the first time.
The plumelike character of both transient Columbia River and migratory Snake River Plain volcanism is not necessarily in conflict with this viewpoint. Although plumes are commonly assumed to operate independently of lithospheric interactions because of their presumed deep roots, lithospheric interactions might conceivably perturb the shallow mantle sufficiently to in-duce plume activity at deeper levels. There would seem to be no fundamental reason why plume convection driven by internal mantle heat could not be influenced or even controlled in details of its geometry by the properties or behavior of a lithospheric lid. For example, King and Anderson (1995) called attention to the possibility of plumelike convective instability induced in sublithospheric mantle lying beneath transitions from thick Precambrian lithosphere to younger thin lithosphere.
On the basis of isotopic evidence, it has long been postulated that Columbia River eruptions occurred within a belt just west of the transition from Precambrian to Phanerozoic crust and its underlying lithosphere in the Pacific Northwest (Armstrong et al., 1977) . The zone of presumed lithospheric weakness along the western edge of the Archean Wyoming craton apparently served to focus the convective ascent of sublithospheric mantle and thus to control the locus of decompression melting . Theoretical analysis indicates that convection set up inevitably by the lateral temperature gradient associated with an abrupt change from thick Archean to thin Phanerozoic lithosphere would be enhanced by local subcrustal pull-apart along the intralithospheric join as a result of imposed intraplate stresses (Anderson, 1994) . The required stresses could have been supplied by distant shear of the Pacific plate past the continental block. In effect, the impact of imposing full Pacific shear on the edge of the continental block for the first time is envisioned as the trigger that perturbed inherently unstable mantle beneath the Pacific Northwest enough to promote plumelike upwelling of short duration without causing significant extension at the surface. The brevity and intensity of the peak eruptions during the Columbia River volcanic episode seem more compatible with such a postulated mechanism than with standard concepts of either back-arc spreading or hotspot magmatism, because both of those processes are ordinarily envisioned as persisting for longer intervals of time.
CONCLUSIONS
Discussions of paleogeographic, regional tectonic, and petrologic relations in this paper lead to the following conclusions.
(1) California coastal volcanic assemblages of Cenozoic age can be divided into three generic suites, each related to a different episode or pattern of slab-window mantle upwelling in mid-Tertiary, mid-Miocene, and postmid-Miocene time. There remain uncertainties in palinspastic restorations of the original location and extent of each volcanic suite, but overall correlations with paleotectonic setting appear robust and further work can be expected to resolve residual discrepancies.
(2) Columbia River basaltic volcanism and associated Steens Basalt and Northern Nevada rift magmatism in the Pacific Northwest coincided exactly in time with the mid-Miocene pulse of coastal volcanism in southern California. Both episodes may have been related to the same critical stage in the evolution of the San Andreas transform system: (1) the mid-Miocene coastal California volcanic suite erupted above a slab window influenced by the final demise of nearby offshore microplates, and (2) Columbia River basaltic magmatism associated with plumelike convection induced by deformation of the continental lithosphere in response to Pacific plate shear, which was imposed fully for the first time when the demise of the microplates allowed integration of the San Andreas transform into a coherent plate boundary.
